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INTRODUCTION
Bioethanol is widely used today as an alternative energy source, and it is believed to be one of the dominating biofuels in the future, especially in the transport sector. Enlargement of bioethanol production increases the amount of wastewater, whose pollution potential is one of the most serious problems today, especially in developing countries, where the waste flows are not treated and utilized in a suitable manner. So, the bioethanol industry is forced to develop the most suitable technique for wastewater treatment and utilization, which will achieve a specified water quality and minimize capital and operating costs.
In the recent years, the use of membrane separation technologies has gained great importance in many processing industries such as biotechnology, pharmaceutical, chemical, metallurgical industry, etc. This is especially true for the most commonly used sold pressure-driving membrane processes, microfiltration (MF) and ultrafiltration (UF), which are widely used in the food industry, biotechnology, drinking water purification, wastewater treatment, metallurgical, and petroleum industry (1). Water reuse and recycling, wastewater treatment, drinking water production and environmental protection are the key challenges for the future of our planet. Membrane separation technologies for the removal of total suspended solids and a fraction of dissolved solids from wastewaters are becoming more and more promising. Also, this processes are playing a major role in wastewater purification systems because of their high potential for recovery of water and other valuable products (2,3) from many industrial wastewaters.
Considering the fact that membrane separation technologies have been investigated and optimized for years, there has been a great degree of advancement in the development of membrane processes. Despite all benefits that membrane processes have, there are some limitations for their use. A major drawback of membrane processes is fouling formation on the membrane surface and flux decline. Results obtained during microfiltration of distillery stillage in the system without static mixer (4) showed a fast flux decrease during the first few minutes of filtration, and does not decrease significantly afterwords. To overcome this problem, it is necessary to find a solution for reduction of the effect of fouling of the membrane. The most efficient solution is the usage of appropriate pretreatment that would eliminate most of the foulants from the feed solution (5,6), or controlling the hydrodynamic conditions of the feed using turbulent promoters (7,8).
The cross-flow microfiltration is influenced by a great number of parameters such as crossflow velocity, transmembrane pressure (TMP), membrane resistance, layer resistance, size distribution of the suspended solids, etc. A lot of models have been developed to describe the processes of cross-flow microfiltration, and they can be termed as physical and empirical models. However, only a few are sufficient to describe the real processes (physical models) and explain the different experimental and practical results (9). Empirical modeling is very precise and useful in practice, but it is not helpful for understanding the processes of cross-flow microfiltration. In the recent years, the development of various computer programs, empirical models based on the concept of neural networks and response surface methodology (RSM) gain in importance for describing of microfiltration and other membrane processes.
RSM was introduced by Box and Wilson in 1951 (10,11), and it can be defined as an empirical statistical technique for multiple regression analysis of data obtained from properly designed experiments. It is a collection of statistical and mathematical techniques useful for developing, improving and optimizing processes. The field of RSM consists of the experimental strategy for exploring the space of the process or independent variables, empirical statistical modeling to develop an appropriate approximating relationship between the yield and the process variables and optimization methods for finding the values of the process variables that produce desirable values of the response (12).
The aim of this work was to investigate the improvement of the process of cross-flow microfiltration of distillery wastewater using Kenics static mixer as turbulence promoter. The parameters considered for design of experiments were TMP, feed flow rate, and pH. The RSM was used to investigate the effect of selected factors on microfiltration performances.
EXPERIMENTAL

Materials and methods
Distillery stillage from the ethanol factory Reachem, Srbobran, Serbia, produced from starch feedstock, was used in the experiments. The investigations were carried out in a laboratory cross-flow microfiltration unit, according to the procedure described by Jokic et al. (7). The feed suspension was concentrated to a volume concentration factor of 1.88. The pH value was adjusted by adding NaOH solution (0.1 mol/L) to the stillage. The membrane was cleaned before each experiment according to the recommendation of the manufacturer; the cleaning sequence was a classical acid-base one.
The static turbulence promoter used in the experiments was the stainless steel Kenics static mixer. Its length was 23 cm and the diameter of 6 mm. It consisted of a series of helical mixing elements made from thin, flat strips, twisted through 180º to form helics. The helics are turned around their main axis by 90 against the next element.
For the experimental part of the work, the Box-Behnken design was selected. The design variables and their ranges were: X 1 : TMP (0.3; 0.6 and 0.9 bar); X 2 : feed flow rate (40; 100 and 160 L/h) and X 3 : pH (3; 6 and 9). For three variables with three replicates at the center point the total number of experiment was 15. The experimental design in the actual and the coded (in the brackets) levels of variables are summarized in Table 1 .
For each experiment, the change of permeate flux during the time was monitored. The efficiency of the static mixer as a turbulence promoter was determined as the improvement of permeation flux defined as a relative increase of the permeate flux during the use of static mixer. The effect of the use of the static mixer on energy consumption during "cross-flow" microfiltration can be expressed through the reduction of specific energy consumption (ER).
RESULTS AND DISCUSSION
Results for the responses obtained after cross-flow microfiltration are presented in Table 1 .
The response function (Y) was the permeate flux. These values were related to the coded variables by second-degree polynomial using the method of least squares:
where b 0 represents the intercept (constant), b i the linear, b ii the quadratic and b ij the interaction effect of the factors, while Y represents the response. The adequacy of the model was evaluated by coefficient of determination (R 2 ) and model p-value. The significance of regression coefficients was assessed by p-values at the 0.05 significance level. The analysis of variance (ANOVA) tables were generated and the effect of individual, linear, quadratic and interaction term were determined (Tables 2 and 3) . As can be seen from presented results, the most significant linear effect on the flux improvement has the feed flow rate, while quadratic effects are the feed flow rate and UDC: 66.067.3:66.048.6 https://doi.org/10.2298/APT1748285V BIBLID: 1450-7188 (2017) 48, 285-293
Original scientific paper 289 TMP. The most important interaction that influences flux improvement is between the TMP and the pH value. On the other hand, the most important linear effect on the reduction of specific energy consumption had the TMP. The most significant interactions are between the feed flow rate and the TMP, and between the TMP and the pH value. This can be explained according to the t values obtained in the model.
Effect of the static mixer on the permeate flux improvement
The flux improvement was in the range between of 81% and 222%, depending on experimental conditions. The effects of operating parameters on the flux improvement by applying the Kenics static mixer are given in Figure 1a shows the effect of the feed flow rate and TMP on flux improvement. The increase in the feed flow rate leads to an initial increase of the flux improvement and then this value starts to decrease with the further increase of the flow. Such behavior can be noticed at all values of TMP. This can be explained by the fact that at low feed flow rate values, turbulent flow occurs as a result of inserting static mixer into the membrane channel. The turbulent flow is sufficient to reduce the cake thickness which reduces resistance to the permeate flow, leading to an increase of the flux compared with the system without static mixer. However, at higher values of feed flow rate, the flux improvement starts to decrease since at this flow values turbulence can occur even without the static mixer (13). This fact indicates that there is a range of moderate flows at which the flux improvement is the highest. In this case, these are the feed flow values in the range of 100 -120 L/h, for all values of TMP.
Similar observations are presented in Figure 1b , which shows the effect of the pH value and feed flow rate on the flux improvement. As can be seen, the values of flux improvement are larger at the high pH values. Figure 1c shows the effect of the pH and TMP. With the increase of TMP, there are no significant changes in the flux improvement at lower pH values, while at higher ones, the TMP increase leads to a slight increase of improvement of the permeation flux. This can be explained by the fact that the changes in the structure of the wastewater was observed after the change of its pH value (14), which leads to a change in the cake thickness and its resistance.
Effect of the static mixer on reduction of the specific energy consumption
Specific energy consumption is one of the most important factors from the economic point of view. It is defined as the power dissipated per unit volume of permeate. Two opposite phenomena influence this quantity in the presence of the static mixer. By inserting the static mixer into the membrane channel the pressure drop increases along the membrane because of the increased resistance to feed flow. This leads to increased drop in the hydraulic power. On the other hand, the presence of the static mixer leads to an increase in the feed flow rate due to the changes in fluid flow through the membrane. As a result of this opposing effects, the energy efficiency of the static mixer is limited. The application of the static mixer is justified by the reduction of the specific energy consumption compared to the system without a static mixer (4). The effects of operating parameters on the reduction of specific energy consumption as a result of the presence of the static mixer are shown in Figure 2 .
The effects of TMP and feed flow rate on the reduction of specific energy consumption are shown in Figure 2a . The increase in the feed flow rate is accompanied by increased reduction of the specific energy consumption at all applied TMP, except for the low pressures. With the increase in TMP at a minimal feed flow the reduction of specific energy consumption has a constant negative value, while its highest value reaches at the maximum values of TMP and feed flow rate. Figure 2b shows the effect of the pH value and feed flow rate on reduction of the specific energy consumption. As it can be seen, the increase in pH resulted in a decreased The effects of the TMP and pH value are shown in Figure 2c . The increase in the TMP leads to an increase in the reduction of specific energy consumption at all observed pH values. The largest increase was recorded at the lowest pH value and maximum TMP, while at higher pH values this increase was less pronounced and the specific energy consumption had a negative value. 
CONCLUSIONS
Based on the results of the statistical analysis it can be concluded that the influence of operating parameters on permeate flux during microfiltration of distillery stillage can be adequately described using response surface methodology. The flux improvement was in the range between 81% and 222%. The obtained results showed that there is a range of applied feed flow rates at which flux improvement has the highest value, and this range is 100 -120 L/h. Also, it was found that the use of the static mixer is justified at the feed flow rates higher than 100 L/h. In contrast, the use of the static mixer at low values of feed flow rate and TMP has no justification from an economic point of view. У овом раду испитан је утицај радних параметара (рН, проток напојне суспензи-је и трансмембрански притисак) на флукс пермеата током микрофилтрације скроб-не џибре. Експерименти су извођени на лабораторијској апаратури за микрофил-трацију, у присуству Kenics статичког мешача као промотора турбуленције. Испи-тан је утицај истог на пораст флукса пермеата и специфичну потрошњу енергије. Поступак одзивне површине коришћен је за дефинисање утицаја процесних пара-метара на перформансе микрофилтрације. На основу резултата статистичке анализе утврђено је да се применом поступка одзивне површине на адекватан начин може описати утицај одабраних радних параметара на флукс пермеата током микрофил-трације џибре у систему са присуством статичког мешача. Примена статичког мешача оправдана је при вредностима протока већим од 100 L/h. Супротно томе, употреба статичког мешача при нижим вредностима протока и трансмембранског притиска нема оправданост са економског аспекта.
